This study evaluated safety and efficacy of excimer laser angioplasty for treatment of restenosed or occluded coronary stents. BACKGROUND Balloon angioplasty of in-stent restenosis is limited by a high recurrence rate. Debulking by laser angioplasty is a novel concept to treat in-stent restenosis.
In-stent restenosis is an increasingly important clinical problem. Percutaneous transluminal coronary angioplasty (PTCA) is currently the most widely used treatment modality for this type of lesion (1) . However, the recurrence rate for dilated restenotic stents is considerably higher than for nonstented restenotic lesions and has been reported to be as high as 85% (2) (3) (4) (5) (6) . Therefore, the treatment of in-stent restenosis remains a therapeutic challenge.
Previous studies identified a large acute luminal gain after coronary interventions as a predictor of a low restenosis rate, which gave rise to the "bigger is better" hypothesis (7) (8) (9) (10) . This theory has been further supported by data from laser angioplasty for debulking of nonstented coronary lesions (11, 12) . Lesions within stents appear to be even more suitable for ablation than nonstented lesions, because the initial lumen gain in stented lesions is most commonly large and restenotic stents may contain a considerable amount of tissue. This restenotic tissue within stents is soft, usually does not contain calcifications and should therefore be easy to ablate by laser (13) . Ablation of plaque mass appears to be a promising approach, since conventional PTCA does not remove tissue (14) . We hypothesized that primary debulking of in-stent restenosis by means of laser angioplasty achieves a better result with a greater luminal gain compared with treatment with PTCA alone. Therefore we conducted this prospective multicenter surveillance trial to evaluate the feasibility, safety and efficacy of excimer laser angioplasty with saline flush and adjunctive PTCA for the treatment of in-stent restenosis.
METHODS

Patients.
Between May 1996 and July 1997 excimer laser angioplasty of in-stent restenosis was performed in 440 consecutive patients at 28 clinical centers. Patients were included in the study if they had a restenosis Ͼ70% or a wireable total occlusion within a stent, implanted for Ͼ1 month in a native vessel or a bypass graft with a diameter Ն2.5 mm on visual assessment. Patients with an evolving myocardial infarction and angiographic evidence of fresh thrombus were excluded.
The study was performed in a prospective and nonrandomized design. Written informed consent was obtained from all patients under a protocol approved by the ethics committee of the Hamburg medical board and of the participating centers. The study was carried out according to the principles of the Declaration of Helsinki.
Clinical and angiographic information were recorded on standardized forms for entry into a computerized database. Angina pectoris was graded by the individual investigators using the classification of the Canadian Cardiovascular Society (15 Laser angioplasty procedure and definitions. All patients were treated with oral aspirin (100 mg/day or 300 mg/day if the patient was not on aspirin therapy before). A standard angioplasty regimen of heparin (10,000 U intravenous bolus injection) and intracoronary nitroglycerin (100 to 200 g) was administered before baseline coronary angiography was performed. The protocol called for further administration of heparin if this was necessary to keep the activated clotting time (ACT) Ͼ300 s during prolonged procedures. High dose heparin therapy was discontinued immediately after the coronary intervention. If there was evidence of intracoronary thrombus high dose heparin therapy was continued at the discretion of the operator and according to local clinical practice. After laser intervention the treatment with aspirin 100 mg/day was routinely continued in all patients.
If there was an indication to use abciximab, such as the evidence of intracoronary thrombus, the operator was allowed to use abciximab. The abciximab and heparin therapy and monitoring was performed according to local clinical practice. Lesions were classified as focal or diffuse according to the operator's discretion. Only one lesion was treated per patient. Intracoronary infusion of 0.9% sodium chloride solution was performed during excimer laser treatment. The laser catheter was advanced at a speed of 1 mm/s across the lesion. Multiple passes with the catheter were made through the lesion at the operator's descretion. Adjunctive PTCA had to be performed if the residual stenosis after laser treatment was Ն50%. If the residual stenosis after laser treatment was Ͻ50% the investigator was encouraged to use adjunctive PTCA if this could potentially optimize the result. Adjunctive PTCA was performed according to standard clinical practice. Stents were used if necessary to optimize the result if PTCA was insufficient.
Angiographic and clinical evaluation. Laser angioplasty success was defined as Յ50% residual stenosis after laser angioplasty or a successful pass with a 2.0-mm or an eccentric 1.7-mm laser catheter. In addition to common
Abbreviations and Acronyms
ACT ϭ activated clotting time CK ϭ creatine kinase PTCA ϭ percutaneous transluminal coronary angioplasty angiographic criteria, procedural success criteria were included in this safety and efficacy study, since one clinically essential aspect of laser technique is feasibility to pass a stent with the catheter. Because larger laser catheters could potentially be caught in the stent struts, a complete passage was an important determinant for success. Procedural success was defined as laser angioplasty success followed by a Յ30% residual stenosis in all angiographic views postprocedure, with or without the use of adjunctive PTCA, on visual assessment. Clinical success was defined as procedural success without the occurrence of serious adverse events before hospital discharge. Serious adverse events included death, Q-wave and non-Q-wave myocardial infarction, recurrent PTCA, coronary artery bypass surgery, cardiac tamponade and stent damage.
Death was defined as in-hospital death from any cause (procedural or other) either during or after the laser procedure. Q-wave infarction was defined as ST-segment elevation Ն0.1 mV in Ն2 electrocardiographic leads plus creatine kinase (CK) elevation Ͼ2 times above normal value associated with Ͼ6% CK, MB fraction and the development of new pathologic Q waves according to the Minnesota Code (16) . A non-Q-wave infarction was diagnosed if there was a CK elevation with the presence of Ͼ6% MB fraction without the development of pathologic Q waves. Re-PTCA was defined as PTCA of the target lesion during hospital stay. Coronary artery bypass surgery was defined as bypass surgery performed for any cause during hospital stay. Cardiac tamponade was defined as a pericardial effusion with hemodynamically significant compression of cardiac ventricles. Stent damage was defined as any form of disformation or dislocation besides normal expansion, with or without clinical sequelae.
Complications after excimer laser angioplasty and after adjunctive PTCA included coronary dissection, haziness, "no reflow," incomplete passage, perforation, acute vessel closure, intracoronary thrombus and embolism.
Dissection was defined as intramural lucency or irregularity within or beyond the margin of the lesions, whether or not this resulted in arterial closure or other clinical complications. Haziness was defined as inhomogeneity of contrast filling. No reflow was a transient marked reduction of blood flow in the procedural vessel. Incomplete passage was defined as inability to pass the stent with the laser catheter. Perforation was diagnosed if there was an extravasation of contrast medium beyond the adventitia of the artery with or without associated clinical complications. Acute closure was defined as angiographic persistent reduction of blood flow in the procedural vessel with or without clinical or electrocardiographic evidence of myocardial ischemia. Intracoronary thrombus was defined as development of intraluminal lucency, filling defect or staining consistent with angiographic appearance of thrombus. Coronary embolism was defined as downstream focal obstruction not reversible with nitroglycerin administration.
Statistical analysis. Clinical records were analyzed at Wegscheider Biometry and Statistics, Berlin, Germany. The patient was the unit of analysis unless otherwise stated. Comparison of success rates by unordered categories were performed using ordinary chi-square tests. Comparisons of continuous variables by unordered categories were performed using Kruskal-Wallis tests. Comparisons of success rates by ordered categories were performed using the exact Mann-Whitney U test. Continuous variables were presented as mean Ϯ SD and their range. A p value of Ͻ0.05 was considered significant.
RESULTS
Patients and lesion characteristics.
A total of 440 patients were enrolled in the study. The mean age of the patients was 61 Ϯ 10 years, and 81% were male (age range 30 to 86 years). According to the Canadian Cardiovascular Society classification (15) , 69 patients (16%) suffered from angina pectoris graded as class I, 144 patients (33%) were graded as class II, 164 (37%) as class III and 63 (14%) as class IV.
The patients who were intended for treatment with excimer laser angioplasty had a total of 527 stents within the vessels (139 Applied Vascular Engineering, 101 PalmazSchatz, 48 Gianturco-Roubin, 43 Wiktor, 31 Multilink, 24 Wallstents and 141 other stents). Two hundred eightyseven patients had 1 stent/vessel and 151 patients had Ն2 stents/vessel. The interval since implantation was 7.5 Ϯ 7.9 months. Stents had previously been implanted with balloons 3.3 Ϯ 0.4 mm in diameter (range 2.50 to 4.50 mm) and had previously been overdilated in 47 patients (11%). They had been expanded equal to the vessel reference diameter in 355 patients (81%) and had been underdilated in 35 patients (8%) (values of three patients were missing).
Most of the 440 lesions (n ϭ 388, 88%) involved native coronary arteries. In the left anterior descending artery there were 209 lesions (54%), in the left circumflex artery there were 57 lesions (15%) and in the right coronary artery there were 122 (31%) lesions. Twelve percent of the lesions (n ϭ 52) were located in saphenous vein grafts. Stents were located in a straight vessel segment in 84% of patients, at a major side branch in 8%, within a curved segment Ͼ60°in 3%, proximal to a curve of Ͼ60°in 2% and distal to a curve of 60°in 3% of the patients. The length of the stented vessel segment was 24 Ϯ 15 mm (range 6 to 105 mm, 93% were Ͼ10 mm in length). Of the 440 lesions, 365 were stenoses Ն70% (83%), 37 were subtotal occlusions (8%) and 38 were totally occluded (9%). Coronary flow was graded according to the Thrombolysis in Myocardial Infarction classification (17) as grade 3 in 285 patients (65%), grade 2 in 83 patients (19%), grade 1 in 34 patients (7%) and grade 0 in 38 patients (9%). The morphology of the in-stent restenosis was focal in 85 patients (19%) and diffuse in 321 patients (71%). The lesion was located at the stent ends in 46 patients (10%). The length of the restenosis was 19 Ϯ 14 mm (range 2 to 105 mm, 82% were Ͼ10 mm in length). Laser catheters were activated with a maximum fluency of 49 Ϯ 5 mJ/mm 2 and a repetition rate of 26 Ϯ 4 Hz. During 4.6 Ϯ 4.0 passes through the lesion 1,458 Ϯ 1,028 pulses were delivered. In 404 patients (92%) one catheter was necessary and in 36 patients (8%) two or more catheters of different sizes were used to optimize the result. In 436 patients (99%) saline flush was performed. In four patients, in whom 7-F guiding catheters were used, saline flush was not feasible.
Angiographic analysis.
Excimer laser angioplasty of instent restenosis was attempted in 440 patients. In 433 patients (98%) the laser catheters were able to cross the in-stent restenosis and laser angioplasty was feasible (Fig.  1) .
Diameter stenosis was Ͼ70% in all 440 patients before intervention and was significantly reduced to 41 Ϯ 17% by laser treatment (p Ͻ 0.0001). In 64% of the patients, the diameter stenosis was reduced to Ͻ50%. By the use of large or eccentric laser catheters the residual stenosis after laser treatment was significantly lower as compared with concentric and smaller catheters (Table 1) . Consequently, treatment with the eccentric 2.0-mm catheter achieved the lowest residual stenoses (33 Ϯ 12%), without an increase of complications (Table 1) .
In 10 patients with vessel diameters of approximately 2.50 mm on visual assessment the resulting catheter/vessel ratios were Ͼ0.8. Residual stenosis was significantly lower (30 Ϯ 14%) if the catheter/vessel ratios were Ͼ0.8 versus Յ0.8 (41 Ϯ 17%) (p ϭ 0.04). The incidence of myocardial infarctions and dissections was independent from the catheter size and the catheter size/vessel size ratio. However, there was a nonsignificant trend toward a higher occurrence of dissections if larger or eccentric catheters were used (Table 1) .
Adjunctive PTCA was performed in 437 of 440 patients (99%) with balloons inflated up to 13 Ϯ 4 atm (range 4 to 25 atm). The balloons had a nominal diameter of 3.35 Ϯ 0.43 mm (range 2.00 to 6.00 mm) and a length of 25 Ϯ 10 mm. The stenosis was reduced to a final diameter of 7 Ϯ 13% (range Ϫ20% to 100%) (p Ͻ 0.0001). After PTCA, stents were expanded equal to the reference diameter in 339 patients (78%). In 66 patients (15%) stents were overdilated, and in 32 patients (7%) stents remained underdilated.
Laser angioplasty success was 92%. Procedural success, defined as laser angioplasty success followed by a Յ30% residual stenosis with or without PTCA, was 91%. A final result with a residual stenosis of Ͻ30% was achieved in 96% of the patients. This result includes the patients with additional stent implantations. After excimer laser angioplasty and adjunctive PTCA Thrombolysis in Myocardial Infarction 3 flow was achieved in 99% of the patients.
Complications and serious adverse events. Complications after laser treatment and after adjunctive PTCA are presented in Table 2 . Dissections typically appeared outside of the stents. Vessel perforations with subsequent cardiac tamponade occurred in two patients (0.5%). One of these patients was treated medically, the other with percutaneous drainage. Stent damage remained without significant clinical sequelae in both patients with this event. Other complications after laser treatment included coronary vasospasm in three patients, and distal embolization, thrombus and ventricular fibrillation in one patient each. In two patients a temporary third-degree atrioventricular block occurred, which had no clinical sequelae. In one patient a lesion proximal to the stent could not be crossed. Other complications after PTCA included side branch occlusions in five patients, and vessel closure due to embolism, distal slow flow and a thrombotic occlusion of an aortocoronary bypass graft in one patient each.
In 75 patients (17%) 86 additional stents were implanted to optimize the result: stents were implanted to treat dissections (33 patients), haziness (13 patients), no reflow (1 patient), acute or threatened closure (2 patients), perforations (2 patients) and other reasons (24 patients) such as the treatment of nontarget lesions or for bridging of gap stenoses.
The hospital stay was 3.6 Ϯ 2.8 days (range 1 to 23 days, 61% of the patients stayed Յ4 days in hospital). In-hospital follow-up revealed serious adverse events in 37 patients (8%), including stent dislodgment. In-hospital death occurred in seven patients (1.6%); however, none of these deaths were directly caused by the treatment with the laser catheter itself. One of these patients died from cardiogenic shock due to the occlusion of a nontarget vessel during a diagnostic coronary angiography. One patient underwent an angioplasty of the carotid artery 20 days after the laser intervention and died from intracerebral bleeding after the intervention at the carotid artery performed during the same hospital stay. Two patients who received abciximab died from cerebral bleedings probably related to the abciximab therapy. In one of these patients abciximab had been combined with high dose heparin. Three other patients treated with high dose heparin during the procedure (up to 25,000 IE) who also received ticlopidine and acetylsalicylic acid died due to cerebral bleeding.
There were two Q-wave infarctions (0.5%) with a maximum CK value of 1024 U/liter. Non-Q-wave infarctions occurred in 12 patients (2.7%). Recurrent PTCA during hospitalization was performed in four patients (0.9%). Bypass surgery during the hospitalization for laser angioplasty was necessary in one patient (0.2%). Stent damage and cardiac tamponade occurred in two patients (0.5%) each. One of the damaged stents was a Wiktor coil stent, which had been dislodged by a guide wire. Other adverse events included one retroperitoneal hematoma, one major groin hematoma with pseudoaneurysm and three minor cerebral bleeds.
Success rates. Laser angioplasty success, procedural success and clinical success did not differ significantly between the first 220 patients and the second 220 patients enrolled into the study (p Ͼ 0.20). Therefore, no significant learning effect could be observed.
Laser angioplasty success, procedural success and clinical success were similar in different vessels (left anterior descending, left circumflex and right coronary arteries) and did not differ between native vessels and saphenous vein grafts (Table 3 ). There was no significant difference in all success rates in the treatment of lesions of different lengths ranging from 5 to 105 mm (Table 3 ). There also was no significant difference between the success rates in patients with vessels of small (Ͻ3.00 mm) or larger diameter (Ն3.00 mm) (Table  4) . However, laser angioplasty success, procedural success and clinical success were all significantly higher, if larger laser catheters or eccentric laser catheters were used (1.7 mm eccentric or 2.0 mm concentric or eccentric) (p Ͻ 0.006) ( Table 4) .
Clinical success, defined as laser angioplasty success and procedural success in the absence of any serious adverse events, was achieved in 84% of the patients. Clinical success in the absence of myocardial infarction was achieved in 87%. 
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DISCUSSION
Standard PTCA of in-stent restenosis has been shown to be limited by a high recurrent restenosis rate (4 -6). Therefore there is a growing demand for alternative techniques for treatment of this new disease. This multicenter study demonstrates safety and efficacy of laser angioplasty for the treatment of in-stent restenosis.
Angiographic and clinical success. In the present study laser angioplasty was shown to be feasible in 99% of the patients treated. The success rate in this study was high compared with the success rate of 80% in a recently published trial with laser angioplasty without saline flush in native vessels (18) . There was no significant difference in clinical success rates in patients with long diffuse versus short lesions, in patients with lesions in native vessels versus vein grafts or with lesions in small versus large vessels. However, the use of large or eccentric laser catheters significantly reduced the residual stenosis and improved the clinical success without a higher incidence of complications if the catheter/vessel ratio remained Ͻ0.8. Thus, these data encourage use of large eccentric catheters to achieve the best angiographic and clinical results.
Complications. The incidence of myocardial infarctions (3.2%) was lower than in a previous large registry for the use of excimer laser angioplasty with an infarction rate of 4.4% (19) and in the more recent AMRO trial with an infarction rate of 5% (18) . However, in the present study, the protocol required no standardized collection of cardiac enzymes (18) . Therefore, the proportion of non-Q-wave infarctions may be underestimated. Other previous trials including atherectomy and stenting revealed markedly increased creatine kinase levels in more than 10% of the treated patients (20) . Considering that only 0.5% of the patients in the present study had Q-wave infarctions, excimer laser angioplasty of in-stent restenosis appears to be a safe procedure in regard to the risk of myocardial infarction. The rate of dissections was 14%, of which only 5% were visible after excimer laser angioplasty. Most dissections were located outside of the stents and were related to adjunctive PTCA. The laser-related dissection rate in this study was low compared with previous laser studies (18, 19, 21) . This could be explained by the mandatory use of the saline flush protocol, which greatly reduces the number of severe dissections (22) (23) (24) . In addition, the low dissection rate in this study may be explained by the scaffolding effect of the stent. These protective properties may also be responsible for the low rate of vasospasms and perforations in the present study. The perforation rate of 1% was markedly lower than that of 3% in a previous trial using excimer laser angioplasty in nonstented vessels (25) .
There was an unusually high death rate in this study cohort. However, none of the deaths was directly related to the use of the laser catheter itself. The qualitative angiographic results of this study with respect to thrombus formation did not require an exceptionally frequent use of abciximab or prolonged high dose heparin therapy after laser angioplasty. Therefore the incidence of bleeding complications is not explained by a high frequency of prolonged anticoagulation with the corresponding high risk of complications. The exceptionally high incidence of cerebral bleeding in this study may be explained qualitatively by an aggressive anticoagulation treatment with high doses of abciximab or heparin. Many operators using ACT measurements to guide heparin therapy often find 10,000 U too much in some patients, resulting in increased bleeding complications. The high incidence of cerebral bleeding in this study indicates that the anticoagulatory treatment must be modified. It may be useful to titrate heparin at the start of the intervention by ACT controls. The anticoagulatory drug therapy during and, if necessary, after the intervention should be adjusted within the low therapeutic range. Minimal or no postprocedure heparin is desirable to minimize risk of bleeding, particularly if abciximab is used. With these modifications a reduction of the bleeding rate to the normal range has been demonstrated (26) .
Conclusions and clinical implications. The benefit of laser angioplasty is apparently dependent on a critical selection of indications and technique. Two previous studies comparing laser angioplasty and PTCA suggested no beneficial effects of routine use of laser angioplasty in nonstented vessels (18, 27) . However, in-stent restenosis, a different type of lesion, can be safely treated with the further developed laser technique, which has been demonstrated in this study. The results of this multicenter trial confirm the recently published encouraging single-center data regarding the safety and efficacy of the laser technique (28, 29) . The efficacy of in-stent laser angioplasty remains to be compared with that of other techniques like PTCA and directional or rotational atherectomy.
The present data of excimer laser angioplasty for treatment of in-stent restenosis are favorable. However, the long-term results must be awaited. A first single-center report from a matched comparison of lesions treated with excimer laser angioplasty plus PTCA versus PTCA alone showed a trend toward less frequent need for target vessel revascularization in the laser angioplasty plus PTCA group (28) .
Because of the potential importance of this technology for the treatment of in-stent restenosis, it appears justified to compare it with PTCA in a randomized trial and to determine the rate of recurrent restenosis after either technique.
Study limitation. This study was designed as a registry without a control group. Therefore, the data must be confirmed in a controlled randomized trial.
Success was defined predominantly by the angiographic outcomes. However, the angiographic outcomes were at least partially based upon qualitative lesion grading by the investigator. This could overestimate the benefit of the technique. On the other hand, the clinical success might have been underestimated, because laser angioplasty success was a prerequisite for clinical success by the given definition. There were 8% of the patients who did not fulfill the criteria for laser angioplasty success. Using the strict definition for clinical success, these patients could not achieve clinical success at all, not even with a perfect adjunctive PTCA result without adverse event.
On-line quantitative coronary angiography was not available at all centers and no angiographic core facility was used for this registry. This may affect angiographic result liability. However, this surveillance study was focused on clinical safety rather than on angiographic details. Angiographic lumen gain and late loss measured by on-line quantitative coronary angiography and intravascular ultrasound are important issues that were beyond the scope of this surveillance study. They will be primary end points of a planned trial to compare the long-term outcome of laser angioplasty plus PTCA versus PTCA alone. However, the acute results from on-line quantitative coronary angiography were consistent with this report.
The rate of non-Q-wave infarctions (2.7%) may have been underestimated, because the protocol did not require a routine and prospective collection of cardiac enzymes in asymptomatic patients. However, the routine collection of cardiac enzymes belonged to the clinical standard in most of the centers that participated. The length of the hospital stay for the laser intervention might be overestimated, because further hospitalization of some patients for noncardiac diagnostics or treatment was included and was not separately analyzed. 
APPENDIX
